Summary: Background: Cardiac surgery using cardiopulmonary bypass (CPB) is associated with some adverse postoperative complications caused by an altered immune response. An alternative approach to cardiac surgery, operating without the use of CPB (i.e. off-pump surgery), seems to display less adverse impacts on the immune response. Patients and Methods: Peripheral blood lymphocytes in 40 patients undergoing cardiac surgery either with CPB ("on-pump") or without CPB ("off-pump") were followed using flow cytometry. The samples of peripheral blood were taken at five intervals: preoperatively, after termination of the surgery, on the first, on the third and on the seventh postoperative day, respectively. Results: The most substantial changes appeared on the first postoperative day in both subgroups of patients. While the percentage of both total T cells and CD4 + T cells were decreased, the percentage of HLA-DR + activated lymphocytes was increased. These changes were more profound in the "on-pump" subgroup compared to the "off-pump" subgroup. Conclusion: Our results may suggest that the "off-pump" surgical approach reveals less adverse impact on adaptive immune responses.
Introduction
Cardiac surgical operations are followed by numerous changes in the immune reactivity (4, 18) . Massive activation of innate immunity very early during cardiac surgery is elicited by the extensive exposure of this branch of immunity to "danger" signals which emanate from body integrity destruction, tissue and organ hypoperfusion, followed by an exaggerated reactive oxygen species generation and decreased barrier functions of gut mucosa to emphasize only some of many. Moreover, in "on pump" patients overwhelming contact activation of both humoral and cellular components of blood has to be added to the top of the complex list of adverse effects raised during cardiac surgery. Adaptive immunity, meaning T and B cell systems, is affected with some delay in the course of surgery, peaking in the early postoperative period. The dynamics of immune response is thus following the very nature of immune responses (17) . Both activation and inhibition processes could be identified during cardiac surgery and in the course of postsurgical recovery. The optimal balance between these processes is the ultimate goal, leading to full recovery.
Two principally different attempts either using cardiopulmonary bypass (CPB) ("on-pump") surgery or without such arteficial support, meaning beating heart surgery ("off-pump") are now being used (11) . It is claimed that an extensive and sometimes overwhelming systemic inflammatory response (SIRS) followed by profound immune depression leading to severe infectious complications are due to CPB (22) . Based on results of some studies, it is suggested that the beating heart surgery is superior to "on pump" surgery (5, 6) . However, data which are gathered in this field are contradictory. Further work is necessary to reconcile these doubts.
At least transient lymphopenia and suppression of specific immunity is induced by anesthesia and any surgical operations (13, 14) . Global immunosuppression elicited by "on-pump" cardiac surgery seems to be more profound compared to other types of surgery (18) . Lymphopenia, which is typically seen during an early postoperative period in "off-pump" patiens, is especially caused by the reduction of T cell populations (10, 17) . Whereas the number of CD4 + helper inducer T cells is significantly decreased, the number of CD8 + suppressor cytotoxic T cells is not affected or is even increased in the response to the cardiac surgery. As a result, the CD4/CD8 T cell ratio is substantially decreased (13, 17, 21) . There is a shift from Th1 subset activity to Th2 subset regulations mirrored by the changes in the spectrum of cytokines produced (8, 13, 15, 16, 17 (1, 13, 18, 19, 21) . There is the consensus that "on-pump" surgery is associated with more extensive lymphocyte activation. The expression of numerous activation markers, such as an early activation molecule (AIM) CD69 and the late activation molecules HLA-DR and α subunit of IL-2 receptor (CD25), is increased in lymphocytes of cardiac surgical patients (2, 9, 14, 22, 23, 24) .
In the context of our previous work dealing with different patterns of cytokine production in "on-pump" and "offpump" cardiac surgical patients (12) , the aim of this study is focused on the changes of adaptive immunity cell substrate and the expression of activation markers on these cells in the course of cardiac surgery and during early the postoperative period.
Patients
Forty patients (31 male, mean age 67.9 ± 9 years and 9 female, mean age 66.4 ± 6.4 years, collective mean age 67.6 ± 8.5 years) referred to first-time coronary artery bypass grafting were enrolled in this study. Patients underwent either conventional myocardial revascularization with cardiopulmonary bypass and cardioplegic arrest of the heart ("on-pump", n=20, 16 male, 4 females, mean age 69.4 ± 7 years) or beating heart surgery ("off-pump", n=20, 15 males, 5 females, mean age 65.9 ± 9.7 years). The patients were randomly assigned either to "on-pump" or to "offpump" surgery by a member of the cardiac surgery staff outside the research team who was blinded to all variables pertinent to the study design.
Patients in both groups were comparable in age, preoperative left ventricular ejection fraction (median 0.65 in "on-pump", 0.65 in "off-pump" patients, respectively) and the number of performed coronary anastomoses (median 2.0 in "on-pump", 2.0 in "off-pump", respectively).
The Ethics Committee of the University Hospital in Hradec Kralove approved the study protocol. Written informed consent was given by each participant.
Blood sampling
Peripheral venous blood from an antebrachial vein was withdrawn into heparinized testing tubes manufactured by Saarstedt (Germany) at the following time points: introduction to anaesthesia (sample 1), after termination of the operation (sample 2), the first postoperative day (sample 3), the third postoperative day (sample 4), and the seventh postoperative day (sample 5).
Methods
Direct double immunofluorescence whole blood lysing method was used. Lymphocytes were stained by monoclonal antibodies purchased from Immunotech (France): the following combinations of monoclonal antibodies CD19 FITC/CD5PE, CD3FITC/CD4PE, CD8FITC/CD56PE, CD3FITC/CD69PE, CD3FITC/HLADR-PE. To identify lymphoid cells precisely, the combination of CD45 FITC and CD14 PE monoclonal antibodies were used. Samples were analyzed by FACS Calibur flow cytometer (B.D., USA) using CELLQuest software.
Statistical analysis
Changes in the relative numbers of lymphocytes within a group and between both groups ("on-pump", "off-pump") were evaluated. Data were analyzed using ANOVA and post-hoc tests. The dynamics of changes is expressed as medians. A probability (p) value < 0.05 was considered significant. Statistical analysis was performed with Statistica 5.5 software (Statsoft, USA).
Results
Significant differences in the relative number of CD5 + lymphocytes were found. The relative number of CD5 + lymphocytes in "on-pump" patients at the end of surgery was significantly lower compared to "off-pump" patients (61.8 % vs. 77.8 %, respectively; p<0.01). The nadir in the relative number of CD5 + lymphocytes was reached at the first postoperative day in both groups (54.8 % in "on-pump"; 64.3 % in "off-pump, respectively). There was a gradual increase in their numbers thereafter (Fig. 1) . The same results were obtained by staining with monoclonal antibody against CD3.
26 Fig. 1 : The relative number of CD5 + lymphocytes in cardiac surgery patients ("on-pump" and "off-pump" group) in the course of surgery and in the early postoperative period (1 -introduction to anaesthesia, 2 -after termination of the operation, 3 -the first postoperative day, 4 -the third postoperative day, 5 -the seventh postoperative day), ** probability level 0.01-0.001).
A similar pattern in the relative number of CD4 + helper inducer T cells both "on-pump" and "off-pump" patients was delineated by us. The relative number of CD4 + helper T cells was significantly decreased in "on-pump" patients (34.8 %) compared to "off-pump" patients (49.8 %; p<0.01) at the end of surgery. The relative number of CD4 + T cells was even lower at the first postoperative day, being significantly decreased in "on-pump" patients (24.8 %) compared to 39.5 % in "off-pump"; p<0.01. The gradual recovery to the preoperative levels of CD4 + T cells was identified in both patient groups in the late postoperative period (Fig. 2) .
There were no significant differences between "onpump" and "off-pump" patients regarding the relative number of CD8 + cells. Initially, there was a non-significant increase in their numbers during surgery, followed by a decrease in their relative numbers reaching statistical significance at the 7 th postoperative day for both groups.
Significant differences between "on-pump" and "offpump" patients were not found either in the case of CD56 + NK cells. The maximum in the relative number of CD56 + NK cells was reached at the first postoperative day, with a subsequent decrease in both groups.
The expression of an early activation marker CD69 was not influenced by cardiac surgery, being nonsignificantly different between "on-pump" and "off-pump" patients.
In contrast to this, the expression of the late activation marker HLA-DR on lymphocytes was significantly influenced by the different surgical approaches. The dynamics of HLA-DR expression on lymphocytes was similar for both groups, reaching the maximum at the first postoperative day. The number of HLA-DR + lymphocytes at the first postoperative day was higher in "on-pump" patients (29.8 %) compared to "off-pump" patients (24.5; p<0.01). A similar pattern was found also at the 3 rd postoperative day, being 26.3 % for "on-pump" and 19.0 % for "off-pump", respectively; p<0.01. The maximum of HLA-DR + lymphocytes was reached on the 1 st postoperative day in both the "on-pump" and "off-pump" patients (Fig. 3) .
Discussion
In agreement with others (17, 22) , we found significantly lower numbers of T cells in peripheral blood of cardiac surgical patients in the postoperative period. The nadir in the relative number of T cells was reached on the 1 st postoperative day in both "on-pump" and "off-pump" patients. The same pattern was found also in the case of CD4 + helper inducer T cells in accordance with previous studies (4, 13, 17) . The population of CD8 + cells is covers predominantly cytotoxic suppressor T cells but small populations of natural cytotoxic NK cells expressing CD8 are also included. There was a gradual decrease in both CD8 + cells and NK cell populations in the entire postoperative period, reaching a minimum on the 7 th postoperative day, being nonsignificantly different between "on-pump" and "off-pump" patients. This pattern is in contrast to the very rapid decrease in the relative number of CD4 + helper T cells which reached their minimum already on the 1 st postoperative day. Based on the previous fact, there is a decrease in the value of the 27
Fig. 2:
The relative number of CD3 + /CD4 + lymphocytes in cardiac surgery patients ("on-pump" and "off-pump" group) in the course of surgery and in the early postoperative period (1 -introduction to anaesthesia, 2 -after termination of the operation, 3 -the first postoperative day, 4 -the third postoperative day, 5 -the seventh postoperative day), ** probability level 0.01-0.001).
Fig. 3:
The relative number of HLA-DR + lymphocytes in cardiac surgery patients ("on-pump" and "off-pump" group) in the course of surgery and in the early postoperative period (1 -introduction to anaesthesia, 2 -after termination of the operation, 3 -the first postoperative day, 4 -the third postoperative day, 5 -the seventh postoperative day), ** probability level 0.01-0.001).
immunoregulatory index as shown by others (13, 18, 21, 23) . These changes are not caused by the haemodilution during surgery as proven by others (8, 21) . It is suggested that both redistribution between peripheral blood and bone marrow pools, together with tissue sequestration of activated lymphocytes subsets, are reasons for this (10, 13) .
We also followed the activation of lymphocytes after cardiac surgical operation. We did not found any significant changes in the expression of the C-lectin type early activation molecule CD69 in either "on-pump" or "off-pump" surgery. In contrast, there was a significant increase in the expression of a late HLA-DR activation marker in the postoperative period in both groups of patients, reaching a maximum on the first postoperative day. An increased number of activated lymphocytes in "on-pump" patients has been published by others, but such studies in "offpump" patients are very sparse (8, 21, 22, 23) . It was proven that lymphocyte activation is functionaly linked to anergy and apoptosis of T cells, especially Th1 subset helper -inducer T cells and cytotoxic CD8 + T cells (4, 8, 14, 20) . As a consequence of this, there is a substantial shift towards Th2 -driven immune response in "on-pump" patients as seen from cytokine patterns (3, 13, 15, 16, 17) . This shift from Th1 -driven cytotoxic reactivity with many potentially adverse effects on body structures toward Th2 -driven response, culminating in much more mild humoral response and production of antiinflammatory mediators such as IL-10, has to be recognized as a principal regulatory and homeostatic mechanism to maintain body homeostasis.
One of the principal aims of our study was to discover if there are different variables, inducing lymphocyte activation, raised by different surgical approaches. Data from this are discordant. It was claimed by Abbas (1) and Gasz (9) that "on-pump" surgery is associated with more profound changes compared to "off-pump" surgery. In contrary, Diegeler (6), Blacher (2), and Franke (7) are in aggreement that activation of immune response is comparable regardless of "on-pump" or "off-pump" surgical approaches. It seems from their results that the very surgical trauma itself is the most important variable.
It could be summarized from our results that there are substantial changes in lymphocyte populations in both "onpump" and "off-pump" patiens, being more profound in former group. The majority of these changes was found on the first postoperative day on which significantly lower level of CD4 + helper T cells and a significantly higher number of HLA-DR expressing lymphocytes in "on-pump" patients were identified.
Predominantly antiinflammatory and immunosuppressive mechanisms which are typical for an early postoperative period in cardiac surgical patients are associated with enhanced risk of infection complications (4, 18, 19, 22) . To overcome such transiently impared immune response in cardiac surgical patients some immunomodulatory interventions have been recently discussed (16) . Our work adds some data to favour the opinion that some alternative surgical approaches could attenuate adverse effects of cardiac surgery on lymphocyte populations.
